Abstract. The Bulbophyllum exaltatum complex comprises 15 described taxa, and present a number of unresolved taxonomic questions, especially among populations found in the Brazilian campo rupestre vegetation. Allozymes were examined in 33 populations to determine the degree of genetic variability between them and their degree of differentiation to better define the taxa of this group. Additionally morphometric analyses were also performed on representatives of 24 populations. All of the populations examined demonstrated high levels of variability and none of the species formed distinct groups comprising all of the conspecific populations. However, the populations primarily grouped according to their regional occurrence, with a distinction between populations of the states of Minas Gerais and Bahia, which coincided with the geophysical disjunction of the mountain chains where they occur. It is probable that hybridization or incipient differentiation is contributing to the elevated genetic identity observed among the populations, generating a reticulated grouping pattern.
Introduction
The pantropical genus Bulbophyllum Thouars is one of the most numerous within the Orchidaceae, comprising approximately 1,200 species (Dressler 1993) . The genus demonstrates myophily (pollination by Diptera) as the main pollination syndrome. This is the second most common pollination syndrome observed in Orchidaceae, occurring in 15 to 25% of the species within that family (van der Pijl and Dodson 1966, Christensen 1994) . Pollination studies have demonstrated that flies of the family Milichiidae are the effective pollinators of many species of Bulbophyllum in Brazil (Braga 1977 , Sazima 1978 , Borba and Semir 1998b ).
Flies normally demonstrate visitation behavior that favors self-pollination, for they make long lasting visits, and visit many flowers on the same individual Semir 1998b, Verola 2002) . As orchids are predominantly self-compatible, it would be expected that myophilous species would demonstrate low genetic variability within their populations, and high genetic differentiation between conspecific populations as a result of reduced gene flow Semir 1998b, Borba et al. 2001b ). This might explain the elevated number of species in myophilous genera of orchids with limited distributions. Nonetheless, high genetic variability within populations and low to moderate genetic differentiation between conspecific populations have been observed in species of Bulbophyllum (Azevedo et al. 2007 ) as well as in Acianthera Scheidw., another genus of myophilous orchids (Borba et al. 2001b) . Apparently, the occurrence of genetic self-incompatibility, mechanical barriers to self-pollination, and wind dispersal of their seeds may modify the otherwise expected genetic patterns , Borba et al. 2001a , Verola 2002 .
The Brazilian campo rupestre vegetation generally predominates at altitudes above 1000 m (Giulietti and Pirani 1988) , and is characterized as a complex of predominantly herbaceous-shrub communities forming a rich mosaic of floristically related, but physiognomically distinct communities reflecting local variations in topography, substrate, soil depth, and microclimate. There are two principal areas of campo rupestre in Brazil: along the Espinhaço Range, and in the mountains of southern Minas Gerais within the Rio Grande basin. These two areas have differing geological characteristics and distinct floras. The Espinhaço Range extends for approximately 1000 km along its N-S axis and varies between 50 and 100 km in width. It is not a single continuous geological formation, but rather composed of a number of distinct and often isolated mountain chains and rock outcrops. This geological discontinuity is often reflected in the discontinuity of plant populations, especially among rupicolous plants, and has been cited by numerous authors as being responsible for the differentiation of these plant populations and for the elevated degree of endemism observed in the campo rupestre (Giulietti and Pirani 1988; Borba et al. 2001b; Jesus et al. 2001; Lambert et al. 2006a, b; Pereira et al. 2007) .
In altitudinal areas of southeastern, northeastern, and northern Brazil, principally in campo rupestre vegetation formations, there is a group of orchid species that are predominantly rupicolous, with approximately 15 taxa described belonging to Bulbophyllum sect. Didactyle (Lindl.) Cogn. The representatives of this group are essentially indistinguishable vegetatively and differ only in terms of their floral morphology, principally the shape of the labellum. Some of the species of this group, however, are very similar even in terms of their floral morphology, with diagnostic characteristics that are unclear or inconsistent, creating taxonomic questions and difficulties in their identification. A large proportion of the taxonomic problems of this complex concern the species usually determined as occurring in the states of Minas Gerais, Bahia, and São Paulo: B. involutum Borba, Semir & F. Barros, B. sanderianum Rolfe, B. ipanemense Hoehne, B. longispicatum Cogn., B. geraense Rchb. f., B. roraimense Rolfe, and B. warmingianum Cogn. The majority of the herbarium material from the Espinhaço Range (Bahia and centernorthern of Minas Gerais) is commonly identified as B. ipanemense, even though this species was originally described for the state of São Paulo and also occurs in southern Minas Gerais (Farinaci 2001) in areas of campo rupestre vegetation that are geographically separated from the Espinhaço Range. The morphological differences detected between populations of B. ipanemense from Minas Gerais and Bahia, such as variations in color patterns of the flower and the form of the labellum, a larger perianth, and fewer flowers undergoing anthesis in a given inflorescence in the Bahia populations, indicate that these populations may not be conspecific (Ribeiro et al. 2005) .
In this complex, B. sanderianum is the most easily recognized species, by the lip with long hairs in the margin of the orbicular mid-lobe. Bulbophyllum involutum can be recognized by its larger purple flowers with obtuse ovate petals, lip with an involute mid-lobe and only one flower in anthesis. However, populations occurring in the Bahia state demonstrate significant morphological variations, principally in terms of the size and color of the flowers and the inflorescence, often making it difficult to distinguish between B. involutum and the other species. Conversely, there are no clear and consistent diagnostic characteristics among the others, a fact which is worsened as more populations are found and new taxa are described (e.g. B. gomesii Fraga in the Atlantic rain forest). Examining the type specimens for a taxonomic revision of the Neotropical Bulbophyllum (E. C. Smidt and E. L. Borba, unpublished data) we found that the oldest name which morphologically fits in the specimens of this complex (excluding B. involutum) is B. exaltatum Lindl., in spite of not being found in determinations of herbarium material from eastern Brazil. Therefore, because the difficulty in determining consistently the several populations, we obeyed nomenclatural priority and here employed the a priori-designation of B. exaltatum Lindl. to the population in Roraima state (northern Brazil), usually designed as B. roraimense, and to all of the populations in the states of São Paulo and Minas Gerais that are commonly designated as B. ipanemense, B. warmingianum, B. longispicatum or B. geraense, as well as to the populations from Bahia that were previously treated as B. ipanemense by Ribeiro et al. (2005) (Fig. 1) .
The present study employed genetic studies of allozyme markers in natural plant populations in order to determine the genetic variability among populations as well as the degree of differentiation of populations of taxa within this complex, named here as B. exaltatum complex, occurring mainly in the Brazilian campo rupestre. Multivariate morphometric analyses were also performed on individuals of these same populations in an attempt to more consistently delimit the taxa composing this complex. The results of these two investigations were used to help define the patterns of distribution of the species examined within the B. exaltatum complex, and to aid our understanding of the evolutionary and biogeographical processes that have acted upon the campo rupestre species in Brazil.
Materials and methods
Populations sampled. We collected a total of 601 individuals from 29 naturally occurring populations belonging to the Bulbophyllum exaltatum complex in the states of Roraima, Pernambuco, Bahia, Minas Gerais, and São Paulo, Brazil (Table 1; Figs. 1, 2), which were initially grouped into three taxa: B. exaltatum (20 pops.), B. involutum (nine pops.), and B. sanderianum (two pops.). Populations of B. weddellii were also included due to evidence of polytopic natural hybridization with one of the species of the complex (B. involutum; Borba and Semir 1998a, Azevedo et al. 2006) , and to serve as a standard of comparison of the genetic distances within the species of this complex. Voucher specimens of the populations studied were housed in the herbarium of the State University at Feira de Santana (HUEFS) or in the herbarium of the State University of Campinas (UEC).
Eletrophoretic procedures. The study of genetic variability was carried out using allozyme horizontal electrophoresis in 8.5% starch gel. Small pieces of leaf tissue were crushed in 500ll of grinding buffer as described in Lambert et al. (2006a) . We used the buffer systems 1, 2, 3 and 4 of Lambert et al. (2006a) , applying the same running conditions. Seven enzymatic systems presented good resolution and were used in the analyses: buffer system 1 -isocitrate dehydrogenase (IDH; EC 1.1.1.42), malate dehydrogenase (MDH; EC 1.1.1.37), leucine aminopeptidase (LAP; EC 3.4.11.1); buffer system 2 -shikimate dehydrogenase (SKDH; EC 1.1.1.25); buffer system 3 -diaphorase (DIA; EC 1.8.1.4), 6-phosphogluconate dehydrogenase (6PGD; EC 1.1.1.49); buffer system 4 -esterase (EST; EC 3.1.1.1.). The staining procedures were similar to but slightly adjusted from Brune et al. (1998; LAP, DIA, SKDH, EST) , Corrias et al. (1991; IDH, 6PGD) and Soltis et al. (1983; MDH) . Modifications were mainly in the amounts of the components used; the exact recipes can be obtained on request. Enzymatic systems showing more than one locus were numbered in ascending order from the locus with lowest mobility. The alleles were numbered according their mobility relative to the allele with the highest mobility of a standard individual present in all gels and designated as 100. 
involutum (left; Diamantina-MG) and B. exaltatum (right; Seabra-BA). See Table 1 for the names of the populations Analysis of allozyme data. The allele frequencies were determined by manually counting the banding patterns of the homozygotes and heterozygotes stained in the gels. Genetic variability for every population was estimated by the following parameters: proportion of polymorphic loci (P; 0.95 criterion), mean number of alleles per locus (A), observed (H o ) and expected (H e ) mean heterozygosity per locus. Deviations from the expected mean heterozygosity under Hardy-Weinberg (HW) equilibrium were tested using v 2 with a correction for small samples according to Levene (1949) . A test for linkage disequilibrium was performed using 100 batches of 1000 iterations per batch with 1000 dememorization steps. As multiple tests enhance type 1 errors, the sequential Bonferroni procedure was applied to each population (Rice 1989) . Partitioning of genetic diversity among conspecific populations was estimated by F statistics (F IS , the inbreeding coefficient, measures the reduction in heterozygosity due to non-random mating within a population; F ST , the fixation index, measures the differentiation among populations; Wright 1978) . The genetic structuring within and between regions of B. exaltatum was estimated by h (Weir and Cockerham 1984) using the software TFPGA (Miller 1997 and n is the number of populations analysed for each species. This formula establishes two properties of F ST for neutral alleles: it is nearly independent of both mutation rate and the number of the demes (Slatkin and Barton 1989 (Nei's unbiased genetic identity, 1978) were calculated for populations and species. All analyses were made using the BIOSYS 1.0 software package (Swofford and Selander 1989) , except for the linkage disequilibrium and N m (S) analyses, both performed with GENEPOP software (Raymond and Rousset 1995) .
Cluster analysis was performed with the genetic distance matrix of the populations with UPGMA as grouping algorithm (Sneath and Sokal 1973) and a tree was also constructed with the algorithm neighborjoining (NJ), using the software MEGA 3.1 (Kumar et al. 2004) . The software package PHYLIP 3.6 (Felsenstein 1993) was used to carry out bootstrap analysis and to construct consensus trees. SEQBOOT was used to carry out 1,000 replications of conventional bootstrap and randomizations of data entry order. The resulting file was used in the program GENDIST to generate 1,000 matrices of Nei (1972) distance. These matrices were used in the program NEIGHBOR to generate 1,000 NJ and 1,000 UPGMA trees, also with randomizations of data entry order. The files of the trees were used in the program CONSENSE to generate majority consensus trees, which were exported and constructed in the program PAUP 4.0 (Swofford 2000).
The matrix of genetic distances (Nei 1978) was also compared with the matrix of geographical distances between populations, using Mantel tests with the randomization (Monte Carlo) method (1000 randomizations) in the PC-ORD 4.10 program (McCune and Mefford 1999) , in order to test for significant correlations between genetic and geographic distances. The pair-wise geographical distances between the populations were computed with geodetic distances on WGS84 earth ellipsoid calculated using the INVERSE 2.0 program (National Geodetic Survey, 2002) .
Multivariate morphometric analysis. We examined 27 floral morphological characteristics among 77 individuals of B. involutum and B. exaltatum collected from 24 natural populations (Table 2 ). These floral traits were chosen because they are diagnostic characteristics of the species complex, and characteristics commonly utilized in the floral descriptions within the group. The floral parts were drawn using a stereo-microscope equipped with a camera lucida attachment, and measurements were subsequently made based on these drawings. A similarity matrix of the individuals examined was calculated using the Gower Coefficient (1971), which takes into account the presence of different types of variables (quantitative, binary, multi-state) utilizing the COEF program of the FITOPAC 1.0 software package (Shepherd 1995) . A matrix distance (d) was calculated using this similarity matrix (s), where d ij = 1 -s ij , and a clustering analysis was also performed using UPGMA as the algorithm in the STATISTICA 6.1 program (StatSoft 2003) .
Principal component analysis (PCA) was performed using the correlation matrix to examine the general structure of the data and to detect ''outliers''. The number of axes interpreted was determined by the significance level obtained in the Chi-square test (95% level). Canonic variable analysis (CVA) was also performed using a priori groups of individuals from the same geographical and/or geological region and from the same taxon (B. exaltatum or B. involutum) as the variable category. This procedure of grouping individuals was necessary due to the low number of individuals from each population. This analysis allowed us to examine the partitioning of these groups along the principal canonic axes and to identify the characteristics that most contribute to the patterns observed. Nine groupings we used: (BE)-Southern Minas Gerais (MG) (populations E-CAL, E-ITU, E-NAZ, E-LAV, E-CAR, E-ATI, E-STL, and E-SJA); 2-(BE)-Espinhaço-MG (populations E-TAB and E-SCA); 3-(BE)-F.Doido-Bahia (BA) (populations E-MC2 and E-MC3); 4-(BE)-Morrão-BA (population E-MC1); 5-(BE)-Jacobina-BA (population E-JAC); 6-(BE)-Sincorá-BA (populations E-SEA, E-LEN, and E-MUC); 7-(BE)-Roraima (RR) (population E-ROR); 8-(BI)-MG (populations I-MOG, 
Results
Intra-populational genetic variability. Nine loci with good resolution were obtained with the seven enzymatic systems analyzed in this study. The banding patterns observed were compatible with diploid individuals. All of the loci were polymorphic in at least one population, and the number of alleles at each locus varied from three to five (Table 3) . The loci DIA-1, DIA-2, MDH-2, EST, and 6PGD were monomorphic in at least 15 populations, while the other loci were polymorphic in a majority of the populations. Bulbophyllum exaltatum demonstrated some exclusive alleles, although none of them were encountered in all of the populations of that species. Some alleles were shared only among populations of B. involutum and B. exaltatum (DIA-1 90, DIA-2 95, MDH-2 90 and 110, EST 108 and 6PGD 120). Allele 6PGD 120 occurs in one population of B. involutum and in 10 populations of B. exaltatum. No species demonstrated exclusive fixed alleles, and no diagnostic locus was identified. The levels of intra-populational variability observed were generally high (Table 4 ). The percentage of polymorphic loci (P) ranged from 22.2 to 88.9 %, the average number of alleles per locus (A) varied from 1.3 to 2.6, and the average expected heterozygosity (H e ) varied from 0.086 to 0.404. The populations S-PE of B. sanderianum and W-MU3 of B. weddellii demonstrated the lowest variability values, while the largest values were observed in the populations E-NAZ and E-LEN of B. exaltatum and in I-MOG of B. involutum. Genetic variability was similar throughout the areas of distribution of the species, with small differences seen in geographically isolated populations that generally demonstrated lower degrees of variability, such as the populations E-ATI at Atibaia-SP (H e = 0.165), S-PE at Brejo de Madre de Deus-PE (H e = 0.086), and E-ROR at Pacaraima-RR (H e = 0.195), or small populations in disturbed areas such as W-MU3 and I-MUC that are sympatric at Mucugê-BA (H e = 0.098 and 0.149, respectively).
All of the loci demonstrated significant differences in HW equilibrium in more than 10 populations. Seven loci are in equilibrium in at least one population: SKDH (S-PE and W-CIP), IDH (W-MU1 and W-MU3), DIA1 (I-CAB), MDH1 (E-TIR), MDH2 (E-ITU and E-ROR), EST (S-BA, I-TAB, and E-SEA) and 6PGD (E-MC2, E-MC3, and E-ROR). Of the 33 populations analyzed, 20 demonstrate no loci in equilibrium. All of the populations demonstrated deficits of heterozygotes for the loci LAP and DIA-2. However, of the nine loci analyzed, seven (SKDH, IDH, DIA1, MDH1, MDH2, EST, and 6PGD) demonstrated an excess of heterozygotes in at least one population, with from one to three loci per population showing an excess of heterozygotes. High values of F IS (Table 5) were observed for all species, an observation reinforced by the large differences between the observed and the expected heterozygosity values for each population (Table 4) .
After applying the Bonferroni correction, linkage disequilibrium was observed in all of the populations of all of the species in at least some loci. All 16 tests performed were significant (a = 0.01) for B. sanderianum; all 38 tests performed were significant (a = 0.008) for B. weddellii; of the 126 tests in B. involutum 50 were significant (a = 0.00039); and for B. exaltatum, of the 329 tests performed, 99 were significant (a = 0.000152).
Genetic structuring. The distribution of total genetic variation was similar in all of the species studied. The high average F ST values indicated high degrees of genetic structuring for all of the species (Table 5) . Bulbophyllum sanderianum demonstrated the lowest F ST , with 14.5% of the variability of this species being )  12  23  15  12  14  16  20  11  19  13  14  9 0  -----------100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 0.846 0.607 (Table 5) .
Phenetic relationships. The genetic identity between conspecific populations varied between 0.76 and 1.00, and the lowest values were observed among populations of B. exaltatum (Table 6 ). In a number of cases the genetic identity values between pairs of non-conspecific populations were larger than the values observed for pairs of conspecific populations. The average genetic identity among the species varied from 0.73 (B. weddellii and B. sanderianum) to 0.89 (B. exaltatum and B. involutum).
Cluster analyses (excluding the populations of B. weddellii) indicated that none of the species formed a distinct group exclusively comprising all of the conspecific populations. As such, it was not possible to delimit the species within this complex using these analyses. The dendrograms form two principal groups that correspond, in large part, to the separation of the areas of campo rupestre vegetation between Minas Gerais and Bahia. This separation of the Minas Gerais and Bahia populations is maintained even for the populations of B. weddelli in these states if this species is included in the analysis. In the neighbor-joining (NJ) tree, the separation of the populations by the states in which they occur is even more apparent (Fig. 3) . Two groups are formed, one of which contains only the populations occurring in Minas Gerais (B. involutum and B. exaltatum) plus the population from Roraima (E-ROR), while the other group is composed of all the populations occurring in Bahia (B. involutum, B. exaltatum, and B. sanderianum) in addition to the population S-PE from Pernambuco. In the first of these groups, all of the populations of B. involutum from Minas Gerais constitute a sub-group that also included the populations E-CAL and E-TIR of B. exaltatum. In the second group, the two populations of B. involutum from Bahia are not closely associated, similar to the results seen in the UPGMA analysis. However, none of the groups from the UPGMA and NJ analyses demonstrated bootstrap (BS) values superior to 50%, and all of the branches collapsed in the strict consensus trees. The only exceptions were the group formed by the populations of B. exaltatum from Seabra (E-SEA) and Lençóis (E-LEN) (BS 59% using the UPGMA algorithm), and the group formed by the populations of B. exaltatum, B. involutum, and B. sanderianum (BS 100%) while excluding the populations E-ATI and E-CAB (NJ algorithm) or the populations I-RCO and S-PE (UPGMA algorithm).
The inversion of the relative frequency of the alleles at the MDH-1 locus is probably the principal factor responsible for the observed separation of two large population groups. The first of these large groups is formed by populations from the states of Bahia and Pernambuco, where the MDH-1 100 allele is the most frequent (except for the E-MC1 population from Morro do Chapéu and the I-MUC population from Mucugê). The second large group is formed by populations from the states of São Paulo, Minas Gerais, and Roraima, where the allele 93 is the most frequent (Fig. 4) . The genetic differentiation test F ST , based on the indicator h, confirms the importance of the participation of this locus in the structuring of these populations according to the state where they occur. In B. exaltatum, the MDH-1 locus demonstrates the highest value of genetic structuring observed among the states of Bahia and Minas Gerais (hP = 0.312), generating a large confidence interval (hP = -0.013 to 0.182). However, the Mantel test indicated that there was no correlation between the genetic and geographical distances of the populations (r = -0.056; p = 0.356).
Multivariate morphometric analyses. The largest intervals encountered for the characters utilized in the morphometric analyses of populations of B. involutum and B. exaltatum from different states are presented in Table 2 . The cluster analysis of individuals using the Gower coefficient demonstrated that a significant majority of the individuals constituted a large primary group that could be further subdivided into three principal sub-groups (Fig. 5) . The first sub-group (1) is composed exclusively of individuals from the populations of B. exaltatum occurring in the southern region of the Espinhaço Range in Minas Gerais (E-CAL, E-LAV, E-ITU, E-TAB, E-SCA, E-NAZ, E-STL, and E-CAR) and in São Paulo (E-ATI). The second sub-group (2) is also formed exclusively by individuals from populations of B. exaltatum, but these are predominantly derived from populations occurring in Bahia (E-MUC, E-JAC, E-MC1, E-MC2, E-LEN, and E-SEA) and in Roraima (E-ROR), with only three exceptions (E-SJA, E-TAB-3, and E-SCA-2). A third sub-group (3) is composed of individuals of B. exaltatum (predominantly from a few populations in Bahia and rarely from Minas Gerais) and a majority of the individuals of B. involutum. Three individuals of B. involutum (I-TAB) and one individual of B. exaltatum (E-SCA), both from Minas Gerais, formed another small and more differentiated group (4) externally linked to the large group discussed earlier.
In the PCA, only the first two axes were statistically significant. The first axis accumulated 42.3% of the variance, being explained principally by variables corresponding to dimensional characteristics of the labellum (#14, 15, 17, 18, and 19) ( Table 2 ). The second axis accounts for 19.5% of the variation observed, being explained principally by variables related to the width of the sepals and the length of the median lobe of the labellum (#2, 3, 4, 7, and 16). The representation of the scores of the individuals in the first two axes reveals a separation of the populations of B. involutum from Minas Gerais from all of the others along axis 1 (with the exception of one individual from Grão Mogol) (Fig. 6) . The individuals of B. involutum from Bahia and an individual from Grão Mogol are in an intermediate position between individuals of B. involutum from Minas Gerais and B. exaltatum from Bahia, without any clear separation between them. A small separation can be observed on axis 2 between the populations of B. exaltatum from the states of Minas Gerais and São Paulo, and the populations from Bahia and Roraima, although some overlap exists.
Of the eight possible axes calculated by CVA, only the first four were statistically significant. The first canonic axis shows a separation of the populations of B. exaltatum in Minas Gerais from a distinct group of populations of this taxon in Bahia and Roraima, and from B. involutum (Fig. 7) , principally in terms of the smaller size of the labellum and the isthmus, and the width of the dorsal sepal (#2, 13, 16, 20, and 22; Table 2 ). The second axis separates B. exaltatum in Bahia from B. involutum, and from the population of B. exaltatum in Roraima, while only one individual from Jacobina (BA) is located close to the centroid of the two groups of B. involutum. The individuals from the Roraima group are found in an intermediate position between B. involutum and B. exaltatum from Bahia. The length of the sepals, the angle of the apex of the dorsal sepal, the length of the isthmus, and the distance between the two lobes of the labellum are the characteristics that most contributed to the separation of the groups along this axis (# 1, 4, 5, 15, and 20; Table 2 ). The canonic axes one and two accumulate 47.3 and 23.7% of the variation observed, respectively.
The third canonic axis separates the Roraima group of B. involutum from those in Bahia, and this latter from the Minas Gerais B. involutum group. The same axis separates the two groups of B. exaltatum from Minas Gerais. This axis is predominantly related to characteristics of the sepal length, petal width, and the length of the median lobe of the labellum and the width between its lobes (#1, 5, 10, 15, and 16) , and all of these characteristics are positively correlated with this axis. The separation between populations of B. involutum from Bahia and Minas Gerais can also be noted on the fourth canonic axis, which is predominantly related to characteristics of the angle of the apex, length and width of the petals, and the length of the labellum and the width of its median lobe (# 9, 10, 12, 14, and 17) . The third and fourth axes accumulate 11.7 and 6.6 % of the variation, respectively.
Only the groups formed by populations of B. exaltatum from Bahia had some incorrectly classified individuals in the discriminant analysis. This incorrect classification occurred, Table 4 . Genetic variability at nine allozymic loci in 33 populations of B. sanderianum, B. weddellii, B. involutum and B. exaltatum. N mean sample size per locus; genetic parameters -A mean number of alleles per locus, P percentage of polymorphic loci, H o = observed and H e = expected mean heterozygosity per locus (Nei 1978; unbiased estimate) . A locus was considered polymorphic if the frequency of the most common allele did not exceed 0.95. See Table 1 195 however, only within the groups of this taxon from Bahia, except for a single individual from Jacobina that was classified as B. involutum-BA. The analysis of the grouping of the centroids of the plant groups examined using the Mahalanobis distance indicated the formation of four principal associations (Fig. 8) , one with B. exaltatum from Minas Gerais, a second composed exclusively of B. exaltatum from Roraima, a third of B. exaltatum from Bahia, and a fourth of B. involutum from Bahia and Minas Gerais.
Discussion
Genetic variability. The species of Bulbophyllum examined demonstrated elevated genetic diversity values in a majority of their populations, many of which were similar to, or even greater than, values already reported for Orchidaceae (e.g. Chung and Chung 1999 , Borba et al. 2001b , Chung et al. 2004 , Trapnell et al. 2004 . These values were similar in a majority of the populations examined, and larger than the average values reported for other plant species with similar characteristics: monocotyledons, herbaceous, wind dispersed, with sexual reproduction (Hamrick and Godt 1990) . In spite of the elevated genetic diversity values observed, these are still lower than those reported for B. ipanemense (considered here as B. exaltatum; H e = 0.369-0.441) and B. weddellii (H e = 0.619) by Farinaci (2001) . Other Brazilian species of Bulbophyllum studied by Azevedo et al. (2007) , but not belonging to the section Didactyle, demonstrate higher variability values (H e = 0.391 -0.518) than those reported here. The S-PE population of B. sanderianum demonstrated the lowest genetic variability values detected in the present work. This would seem to be related to the unique ecological characteristics of that population, as it is composed of only 12 individuals found on a Fig. 2 . Map of distribution of the 33 populations of Bulbophyllum exaltatum (E-), B. involutum (I-), B. sanderianum (S-) and B. weddellii (W-) studied. The regions marked in gray present the campo rupestre as the predominant vegetation above 1,000 m. Acronyms for Brazilian states: BA Bahia; MG Minas Gerais; PE Pernambuco; RR Roraima; SP São Paulo. See Table 1 for the names of the populations single rock outcrop. This population may have only recently colonized that site, and the reduced genetic diversity may reflect the genetic pool of its founders (founder effect); or this same population may have suffered a drastic reduction in numbers, favoring genetic drift that reduced genetic diversity (genetic bottleneck) (Tremblay and Ackerman 2001) . Low genetic variability was also seen in a population of B. weddellii from Mucugê (W-MU3). It had only a small number of individuals, was located in a disturbed area, and occurred sympatrically with a population of B. involutum (I-MUC) that likewise demonstrated low levels of variability. Such low genetic variability in urban versus rural populations has been noted for other orchid species, such as Epipactis helleborine (L.) Crantz. (Hollingsworth and Dickson 1997) , supporting the view that anthropogenic action can negatively affect genetic variability.
All of the species examined occurred in disjunct populations due to the discontinuity of rock outcrops in the Espinhaço Range and some populations demonstrate a low number of individuals, both factors that favor endogamy, especially since these plants can reproduce vegetatively and are self-compatible ). There are mechanical barriers to self-pollination in these species, but these are temporal in nature and do not completely prevent the occurrence of self-pollination as the pollinator may remain in the flower for long periods of time and geitonogamy between ramets of the same genet is possible . In this context, the high F IS values seen are probably related to geitonogamy, as has been observed in other orchid species by Soliva and Widmer (1999) and by Ehlers and Pedersen (2000) . According to Azevedo et al. (2007) , the fact that none the populations demonstrate HW equilibrium in at least one locus is evidence that pollen dispersal is spatially restricted, and is in agreement with the known behavior of the pollinators of these species.
The genetic structure in plant populations is intimately related to factors such as effective population size, their reproduction system, and the dispersal mechanisms of pollen and seeds. Flies of the family Milichiidae are effective pollinators of some Brazilian species of Bulbophyllum (Braga 1977 , Sazima 1978 , Borba and Semir 1998b , and their behavior favors selfpollination and the isolation of populations. As a consequence, a reduction in gene flow can result in the differentiation of these populations (Borba and Semir 1998b , Borba et al. 2001b , Farinaci 2001 , Verola 2002 . Additionally, in spite of the very small size of orchid seeds, some authors have demonstrated for some orchid species that the seeds generally become established only at short distances from the mother plant (e.g. Chung et al. 1998 , Murren and Ellison 1998 . Thus, considering the high F IS values seen, it may be expected that the species of Bulbophyllum examined would demonstrate high levels of genetic structuring within their populations. Fig. 3 . Neighbor-joining tree of 29 populations of B. sanderianum (S-) (two pops.), B. involutum (I-) (seven pops.) and B. exaltatum (E-) (20 pops.) based on nine allozyme loci and constructed using the matrix of Nei's (1978) unbiased genetic distance. See Table 1 for the names of the populations Fig. 4 . Representation of the allelic frequencies of locus MDH-1 in the populations of B. exaltatum (E-), B. involutum (I-) and B. sanderianum (S-) studied. Notice the inversion in the relative frequency of the alleles 93 and 100 between the populations occurring in Minas Gerais and Bahia (except I-MUC and E-MC1). Acronyms for Brazilian states: BA Bahia; MG Minas Gerais; PE Pernambuco; RR Roraima; SP São Paulo. See Table 1 for the names of the populations
The genetic structuring seen in the species examined is relatively high when compared to other studies undertaken with Bulbophyllum (Farinaci 2001 , Azevedo et al. 2007 or with other orchids (e.g. Hollingsworth and Dickson 1997 , Ehlers and Pedersen 2000 , Sharma et al. 2000 . Dendrogram showing the phenetic relationships among 77 individuals of 24 populations of B. involutum (I-) and B. exaltatum (E-), based on the morphometric analysis of 27 morphological flower characters. Constructed using Gower Coefficient (1971) and UPGMA as clustering algorithm. Arrows point to the groups discussed in the text Borba et al. 2001b) , and is larger than the values recorded for anemochoric species or for species pollinated by animals (Hamrick and Godt 1990) . The existence of structuring in populations of B. sanderianum, B. weddellii, and B. involutum is consistent with the low number of migrants N m (W and S) observed in these species. In spite of the high genetic structuring observed in B. exaltatum, the N m (S) of this species was elevated, suggesting the existence of gene flow, consistent with the wide distribution and the geographical proximity of populations of this taxon. The large reduction in the genetic structuring of this species that was observed when only the populations from the state of Bahia were considered may be due to the fact that the Minas Gerais populations are spaced further apart than those in Bahia (isolation by distance; see Fig. 2 ). Habitat fragmentation may be an significant factor to explain the differentiation of these populations.
The species studied are all inter-compatible , except for B. sanderianum, whose reproductive biology and hybridization potential has not yet been examined in detail. As such, the existence of many shared alleles, the occurrence of some sympatric populations, intercompatibility, and natural hybridization within the group (Borba and Semir 1998a , Azevedo et al. 2006 ) all point to possible hybridization events between these taxa, contributing to the maintenance of a high level of genetic identity among non-conspecific populations. This hypothesis is reinforced by the linkage disequilibrium in a majority of loci in these populations, and by the grouping of the populations based primarily on their geographical distribution (the states in which they occur) instead of their taxonomic or morphological affinities. Natural hybridization events are common in the Orchidaceae (e.g. Klier et al. 1991 , However, this same reticulated pattern could also be generated by a low allelic diversity, where all of the populations of all of the taxa share a similar allelic stock that would only randomly vary among the different populations. In this case, the similarity in their allelic make-up would be due to a still incipient differentiation among the taxa (a priori), and not to hybridization (a posteriori). These two mechanisms are not mutually exclusive, and may be acting simultaneously in the populations examined. Another possibility may be limitations of the marker used, as allozyme variations reflect only a small fraction of all possible DNA mutational events (Clegg 1989) . The conservative nature of allozymic data, as compared to DNA markers, may explain the low genetic diversity detected in the group under study.
The genetic differentiation of the B. exaltatum populations occurring in Minas Gerais from the populations in Bahia, as indicated by the dendrogram and the h values for the MDH-1 locus, is small, but are apparently related to the physical division of the Espinhaço Range into two principal sections. The northern section constitutes the Chapada Diamantina in Bahia state, while the southern section comprises the Planalto de Diamantina in Minas Gerais state. These regions are separated by ca. 300 km of lowlands, a significant geographical barrier to the migration of upland plant species, and an important factor in the diversification of the campo rupestre plants from these regions (Giulietti and Pirani 1988, Harley 1988) . Numerous other disjunctions of these formations that affect the geographical distributions of diverse groups of plants have been associated with genetic differences within their populations (Borba et al. 2001b; Jesus et al. 2001; Lambert et al. 2006a, b; Pereira et al. 2007; Machado et al. in press) . The presently subtle genetic separation of B. exaltatum into two lineages in areas of campo rupestre vegetation according to geographical barriers suggests that this divergence is only in its initial stages. A third lineage, represented by the Amazonian population (E-ROR), may also be differentiating due a large and effective disjunction between eastern and western Brazil maintained by extensive forest formations. As gene flow between these two areas is very improbable, genetic drift may be responsible for the observed differences between these populations -a process could rapidly lead to speciation in small isolated populations (Levin 2000) . A similar situation, although on a smaller scale, was observed for another myophilous orchid with one population in the Espinhaço Range and a disjunct group occurring on rock outcrops within the Atlantic Coastal Forest (Borba et al. 2001b) .
Morphological variation. Field observations of numerous populations within this group point to the existence of large morphological variations between them, a fact that is reflected in the cluster analysis of individual plants. However, clear distinctions between these populations, or groups of populations, were not found using either principal component analysis or canonic variable analysis. Nonetheless, B. involutum from Minas Gerais is the most morphologically distinct taxa, principally due to its larger labellum, although it is more similar in this respect to individuals of B. exaltatum from Bahia than those from Minas Gerais.
If one considers the diagnostic characteristics of B. involutum emphasized in the description of the that species (only one flower in anthesis per inflorescence, large purple flowers, ovate petals, with apex obtuse to rotund, base of the median lobe of the labellum truncate to subcordate and with involute margin; Borba et al. 1998) , it can be seen that some of these characteristics are observed within populations of B. exaltatum from Minas Gerais and, principally, Bahia. Additionally, morphological analyses revealed that these characteristics are not constant throughout the populations, and some of their component individuals in fact demonstrate one or more of these various diagnostic characteristics. The morphometric analyses and the occurrence of these two morphological entities (B. involutm and B. exaltatum) that are syntopic in some localities, such as Joaquim Felício (I-CAB and E-CAB) and Conceição do Mato Dentro (I-TAB e E-TAB), with the persistence of these differences, strengthen the confirmation of the existence of these two taxa. Similar situation was observed in other localities (e.g., Serra do Caraça-MG, Serra da Piedade-MG). Additionally, this affirmation is reinforced by studies of the reproductive biology of these species Semir 1998b, Silva et al. 1999) .
However, the morphological similarity observed in all of the analyses of individuals of B. involutum and B. exaltatum suggests occasional hybridization between these two taxa, principally among the populations in Bahia. Populations such as E-MUC and E-JAC demonstrated morphological differences in relation to the other populations due to their similarity to B. involutum, principally in terms of the color and the form of their labellum. In fact, the results of CVA indicated that all of the Bahia populations of B. exaltatum were more similar to B. involutum than they were to the Minas Gerais populations of B. exaltatum. This similarity was noticeable in the field, and was reflected in the incorrect identification of herbarium material, especially those plants collected from the population in Jacobina-BA.
The fact that CVA of the groups of B. exaltatum from Bahia demonstrated incorrect classifications strengthens the hypothesis that gene flow occurs between these populations, supported by the high N m (S) and low F ST values from that region. On the other hand, the E-JUS population (Jussari-BA, which occurs outside of the Chapada Diamantina) demonstrates some qualitative morphological characteristics that suggest its differentiation from others of its species, such as erect green sepals and petals, which are predominantly purple in the other populations. It is the only epiphytic population found in the Atlantic Coastal Forest, and could be recognized as an infra-specific taxon, although it does not demonstrate other major genetic nor quantitative morphological differences. The opposite occurs with the population of B. exaltatum from Roraima, which has greatly differentiated genetically from the other populations, although it is morphologically very similar to the individuals from Bahia but distinguishable by the length of the sepals, width of the petals, and the dimensions of the labellum.
All of the morphological analyses reinforce the view that the populations of B. exaltatum from Minas Gerais and Bahia do not constitute a single taxon (Ribeiro et al. 2005) . However, it appears that there is only a reduced morphological divergence between these groups of populations (principally reflected in the larger width of the sepals, and the shorter length of the labellum and its isthmus in the populations from Minas Gerais) that does not permit an unequivocal recognition of two species.
Taxonomic conclusions. Of the four species examined, only B. sanderianum and B. weddellii demonstrate a suite of diagnostic characteristics that are easily recognized and consistent among the individuals of their populations. The other two species, B. involutum and B. exaltatum, demonstrate taxonomic problems of more difficult consensual solution, even considering the data gathered in the present study. The absence of diagnostic loci, the sharing of the bulk of the allelic stock, and their significant morphological similarity suggest the occurrence of hybridization or little divergence between these taxa. The absence of groups composed only of conspecific populations indicates that these taxa have genetic identities that fit within the domains of conspecific populations (Crawford 1989 , van der Bank et al. 2001 . Electrophoretic analysis of allozymes likewise does not clearly support the separation of these two taxa, and data derived from sequencing regions of nuclear and plastid DNA also indicates low levels of divergence between these taxa (unpublished results). However, morphological and biological Semir 1998b, Silva et al. 1999) distinctions between these two taxa, and their maintenance even in sympatry, argue for the recognition of two distinct species. The use of molecular markers with greater variability, such as micro-satellites, might indicate if the low differentiation observed between the two taxa represents low allelic diversity, with an incipient differentiation of allozymes, or the occurrence of hybridization. If there is hybridization within the group it must occur at low frequencies, however, as the morphological distinctions between the populations have been maintained.
Based on genetic and morphological data, and the biology of the other species studied, we conclude that all of the populations of B. exaltatum occurring in the states of Minas Gerais and São Paulo should be treated taxonomically as a single unit, without recognizing even infra-specific categories. As such, the other names that are commonly applied to these populations, B. warmingianum, B. ipanemense, B. longispicatum and B. geraense, should all be synonomized to B. exaltatum. On the other hand, the differentiation shown by the Bahia populations confirms the hypothesis that we are dealing with two distinctly evolutionary units. However, their separation is apparently still incipient, and a division of these two population groups into two species would have little practical taxonomic value due to the difficulties in distinguishing them, especially when dealing with herbarium samples. A taxonomic revision of the entire genus for the Neotropical region is now in its final development phase (E. C Smidt and E. L. Borba, unpubl. res.) , and if the morphological distinctions observed here are consistent with the other taxa of this complex found outside of the campo rupestre vegetation domain, the recognition of two subspecies for B. exaltatum would be indicated. As such, based on the type material of these taxa, the Bahia and Amazonia populations of B. exaltatum constitute the typical subspecies and, due to nomenclatural priority, a new combination for the name B. geraense should be done for the populations from Minas Gerais and São Paulo.
